Amber mutants of the related phages T3 and T7 were isolated and tested for their ability to restore-as the wild type does-thymidine incorporation in ultraviolet (UV)-irradiated, UV-sensitive, nonpermissive host bacteria (Escherichia coli BS-1). Most amber mutants had this ability. However, in both T3 and T7, mutants unable to promote thymidine incorporation under these conditions were found and classified into two well-defined complementation groups: T3DO-A and T3DO-B, T7DO-A and T7DO-B. Infection of B,-, cells with representatives of groups DO-A had the following characteristics: (i) phage-directed uridine uptake in UV-irradiated cells was reduced to less than 20% of normal; (ii) breakdown of host deoxyribonucleic acid (DNA) was delayed and incomplete; (iii) no serum-blocking antigens appeared; (iv) no cell lysis occurred; (v) the ability to exclude the heterologous wild type was impaired. Amber mutants of the DO-B groups, infecting B5 l, were able to: (i) promote an efficient phage-directed uridine uptake in UV-irradiated cells; (ii) bring about rapid breakdown of host DNA; (iii) synthesize serum-blocking antigens; (iv) lyse the host cells, generally after the normal latent period; (v) exclude efficiently the heterologous wild type. Although physiological similarities between the respective DO-A mutants or DO-B mutants of T3 and T7 were evident, no physiological cross-complementation occurred, and genetic crosses gave no evidence of genetic homologies between groups of T3 and T7.
Coliphages T3 and T7 are closely related. They are morphologically identical (34) , they crossreact serologically (1, 19) , and their deoxyribonucleic acids (DNA) can be hybridized efficiently, by melting and annealing (29) . Genetic recombination between T3 and T7 has also been reported (19) . Notwithstanding their similarities, upon simultaneous mixed infection of Escherichia coli with these two phages, mutual exclusion occurs; i.e., in more than 90% of the host cells, only T3, or only T7, is produced (19, 20) . The reasons for this are unknown, but so far we have ruled out mutual interference with adsorption and injection (unpublished data). To gather more information relevant to an understanding of the exclusion mechanism, we investigated more precisely the similarities and differences between T3 and T7, as far as the functions necessary for phage-directed DNA synthesis are concerned. The approach was to isolate amber mutants of these phages which are defective in phage-directed DNA synthesis, to characterize these mutants genetically and physiologically, and to investigate their behavior in regard to the phenomenon of mutual exclusion. An abstract of part of this work has been published (Bacteriol. Proc., p. 154, 1967).
MATERIALS AND MEUHODS
Bacteria. Our permissive host, used for obtaining all lysates, was E. coli BBw/1l. We derived it by two mutational steps from an E. coli BB strain which is permissive for certain amber mutants and was kindly sent to us from R. S. Edgar's laboratory. E. coli BBw/l is more suitable as an indicator strain for color mutants (19) of T3 and T7 and is resistant to phage T1. As nonpermissive hosts, either E. coli B/5 HAUSMANN AND GOMEZ Freese (16) were followed. The mutagen-treated lysates were grown for one cycle in BBw/1 to eliminate mutational heterozygotes. Phage from these secondary lysates were allowed to adsorb for 5 to 10 min to concentrated cultures of BBw/l at multiplicities of less than 101, and were diluted into indicator mixtures containing BBw/I and B/5 in the proportions of 1:3 (for T3) or 1 :1 (for T7). Platings were made on dried color agar plates (4) by use of the spreading method. Amber mutants were recognized by their small and irregular plaques. They were picked and plated on BBw/l. Two or three random plaques grown on this host were then retested for the amber character by plating on BBw/l, on B/5, and on mixed indicator (BBw/l plus B/5). If the mutants showed low levels of leakiness and low reversion frequencies, high-titer lysates in BBw/l were made from a single plaque. The letter prefixes A, H, and N were used, respectively, to designate amber mutants isolated from lysates treated with aminopurine, hydroxylamine, and nitrous acid.
Spot tests. Complementation studies were carried out by spot-testing all amber mutants (15) . A lysate to be tested was diluted, mixed with a culture of B/5, and plated by spreading. Immediately after the agar surface had dried, drops of diluted lysates of other amber mutants were placed on the same plate, which was incubated overnight. The tests were performed with different concentrations of phage, ranging from 107 to 109 particles/ml. Two amber mutants were considered to belong to different complementation groups if one spot in at least one concentration showed complete lysis, while the selfing controls at the same concentrations clearly showed no lysis.
Growth conditions. M9 medium supplemented with Casamino Acids (0.5%1c) was used (30) ; in crosses, nutrient broth was used. Unless otherwise stated, all experiments were performed at 37 C, with exponentially growing bacteria (about 3 Boyce and Setlow (3) , 250 ,ug (per ml) of deoxyadenosine was added for improved thymidine incorporation. At intervals, 1-ml samples were chilled with equal volumes of ice-cold 10% trichloroacetic acid. The samples were filtered and washed with 5%lo trichloroacetic acid. The radioactivity retained on the membrane filters was measured in a Beckman scintillation counter. Incorporation of thymidine or uridine into acid-insoluble materials was considered to be a measure of DNA synthesis or RNA synthesis, respectively (30) .
Phage crosses. A sample (0.5 ml) of an exponentially growing culture of permissive host bacteria (3 X 108 cells/ml) was added to an equal volume of a mixture of two different amber mutants (5 X 109 particles of each type, per ml). The phage mixture contained also 4 mm potassium cyanide. Five minutes was allowed for adsorption. The multiplicity of infection was about 10 particles of each parental phage. The infected cells were diluted into broth containing specific antiphage serum (K 2), and 2 mm potassium cyanide. Again after 5 min, the cells were further diluted, by a factor of 10-4, and allowed to lyse spontaneously. Platings were made on BBw/l and on B/5. Since the frequency of back-mutants was negligible, phages forming plaques on B/5 were considered to be wildtype recombinants. Their percentage relative to the counts on BBw/I was doubled (to account for doubleamber recombinants), and then plotted on the linkage map.
Other measurements. DNA concentrations were measured by the method of Burton, as described by Epstein et al. (15) . Cell densities were checked turbidimetrically with a Klett-Summerson colorimeter. Serum-blocking antigen was evaluated by the method of DeMars (6) .
RESULTS
Identification of amber mutants defective in phage-directed DNA synthesis. First, the 200-odd independently isolated amber mutants of T3, and about 150 of T7, were classified into complementation groups by spot-testing. Thus, 18 and 20 such groups were individualized, respectively, in T3 and T7. To identify those blocked in a function required for phage DNA synthesis, one or more mutants of each group were tested for their ability to restore thymidine incorporation upon infection of UV-irradiated B8-1 cells. [In these cells, no bacterial DNA synthesis takes place (30) , and phage-directed DNA synthesis can be clearly distinguished.] For this purpose, 3H-thymidine was added to a B.-, culture which had been irradiated about 10 min earlier. Samples of this culture were inoculated with phage and further incubated for 25 min; radioactivity in the acid-insoluble fraction was then measured. T7am+ determined the incorporation of more than twice as much thymidine as did T3am+ (Table 1) . Five of the T3 Table 3 . Table I , except that, when two phages were used, the multiplicity of infection was 5 of each. The results are expressed as counts per minute per milliliter of culture. When no phage was added, the activity was 220 counts per min per ml. spot test group 1 mapped in one segment, whereas representatives of groups 2 and 3 mapped in another, separated from the former by 14 map units (Fig. 3) . The (Fig. 4) . In all cases, breakdown of host DNA after phage infection could be prevented by chloramphenicol (30 4g/ml), added together with the phage.
When similar experiments were done, but without removing labeled thymidine before infection, the results obtained allowed additional information about the behavior of DO mutants (Fig. 5) . Again, the representatives of groups T3DO-B and T7DO-B brought about an easily observable solubilization of previously incorporated thymidine after a lag of about 5 min. Up to this time, however, incorporation of thymidine by the host continued. This continued thymidine incorporation in the (unirradiated) host was more pronounced after infection with the representatives of groups T3DO-A and T7DO-A (in which breakdown of host DNA was delayed). With T3amH13, representing group DO-A, the reduced phage-induced breakdown, as observed in the experiment of Fig. 4 (Fig. 7) . In all cases, appreci-C. with DO mutants of T3 (Fig. 4A) or T7 (Fig. 4B) UV dose prior to infection by DO-amber mutants.
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Lack of heterologous complementation between DO-amber mutants. In previous experiments we had observed that some amber mutants of T3 and T7 were capable of cross-complementing each other, at least to some extent, in spite of their mutual exclusion from the progeny of a mixedly infected cell (to be published). In heterologous crosses between DO-amber mutants of T3 and T7, using a nonpermissive host, we found no such cross-complementation in any combination of T3 and T7 mutants. Absence of cross-complementation was also found at the level of DNA synthesis by measuring thymidine incorporation after pairwise infection of irradiated restrictive cells with one T3 mutant and one T7 mutant (Table 7) .
Mutual exclusion between T3 and 77, as affected by DO-amber mutations. To test how DO-amber mutations affect the exclusion ability (19, 20) (Fig. 7A) , and with T7am+ or some amber mutants of T7 (Fig. 7B ). An exponentially crowing culture (3 X 108 cells/ml) was given a UV dose of 8,000 ergs/mm2 and incubated for 10 mini at 37 C. 3H-uridine (0.05 ,uc/ml) was added and the incubation was continued for 8 min. Samples of this culture were then infected with phage (multiplicity of infection, 10). At intervals, 1-ml samples were withdrawn for measuring radioactivity in the fraction insoluble in cold 5%lc trichloroacetic acid. Tables 8 and 9 show data pertinent to this type of cross. The relative input multiplicities of the parental types were so chosen (20) representatives of the DO-A groups were incapable of appreciably reducing the amount of thymidine incorporated by co-infecting heterologous wild-type phage (Table 7) . This indicates that no exclusion of wild-type functions had occurred. On the other hand, representatives of the DO-B groups, upon mixed infection in the These functions were also required for phagedirected thymidine incorporation at 41 C, upon infection of E. coli K-12 TLNA, a bacterial strain which has been shown to have a temperaturesensitive DNA-synthesizing machinery (2) . Under these conditions the wild types of T3 and T7 determined an efficient resumption of thymidine incorporation, followed by cell lysis and phage production, whereas DO mutants were totally inactive. These results again argue against a repair function of the DO genes.
The similarity of behavior of T3 and T7 with respect to phage-directed DNA synthesis was somewhat unexpected in view of the observations of Cox and Yanofsky (personal communication) that T3 clearly induces an increase in DNA polymerase activity after infection, whereas T7 does not, and that T7 is susceptible to the mutagenic effects of a genetically altered DNA polymerase of the host, and T3 is not. But the fact that in both phages, T3 and T7, genetic functions have here been identified which are necessary for phage-directed DNA synthesis is not in contradiction with the possibility of host DNA polymerases using one or both of these genomes as templates, since phage-specific functions might be necessary for making the phage genomes available to the host enzyme. In fact, only the single-stranded DNA of the small phages bX174 and S13 is known to be used directly as template for some DNA synthesis by host enzymes (7, 31) . (This results in the formation of the replicative form of these phages.) In phage X, three well-defined cistrons (genes N, 0, and P) are required for the initiation of phage-specific DNA-synthesis (9) , besides a fourth recently identified genetic factor (14) . Radding (26) showed that the N gene influences the formation of the X-specific exonuclease, although it is not the structural gene for this enzyme (27) . Nothing is known about the functions of genes 0 and P, but it has been shown that genes N, 0, and P do not interfere with the formation of a circular X DNA species from the linear infecting DNA (28) . In T4, 12 genes necessary for phage-specific DNA synthesis have been reported (12) ; the functions of 3 of these genes have been identified (8, 32, 33 (15) and X (9), in which so-called "late functions," like cell lysis and synthesis of serumblocking power, are not expressed if DNA synthesis is genetically impaired.
Since T3 and T7 are related phages, and their DO-A and DO-B mutants, respectively, have quite similar physiological characteristics, the question of the genetic homology between these mutant groups of T3 and of T7 arises. Genetic crosses have not been informative because no DO-amber mutations can as yet be crossed into a heterologous genome. Since functional crosscomplementation has also not been observed, no indication of genetic homology between these physiologically similar functions is as yet available. We have, however, isolated several hybrids among amber mutants (in addition to DO mutants) of T3 and T7 am+ which are genetically compatible with T7 (no exclusion) but carry the T3 amber site. Thus, the question of genetic homology will be further pursued. Whether noncomplementation is due to the fact that the heterologous gene products cannot be utilized by the phage-producing machinery of either T3 or T7, or whether the mechanism of mutual exclusion prevents heterologous gene products from being formed, cannot yet be decided.
In regard to the mechanism of mutual exclusion, it seems quite clear that the DO-A function is required, whereas the influence of the DO-B function of T3 or of T7 is minimal or nonexistent. Thus, mutual exclusion could be thought of as a relatively early event, in spite of the fact that expression of the "early" sam+ gene in T3 (18) does not seem to be specifically inhibited by the exclusion mechanism. Exclusion might occur at a stage of phage development between the synthesis of "early" proteins and the onset of phagedirected DNA synthesis. Further work will be oriented towards evaluating the importance to the exclusion mechanism of other genetic functions, whose expression might be affected by nonexpression of the DO-A function.
